Positrons play a major role in the emission of solar gamma-rays at energies from a few hundred keV to >1 GeV. Although the processes leading to positron production in the solar atmosphere are well known, the origin of the energetic particles that interact with the ambient particles is poorly understood. With the aim of understanding the full gamma-ray spectrum of the Sun, I review the key emission mechanisms that contribute to the observed gamma-ray spectrum, focusing on the ones involving positrons. In particular, I review the processes involved in the 0.511 MeV positron annihilation line and the positronium continuum emissions at low energies, and the pion continuum emission at high energies in solar eruptions. It is thought that particles accelerated at the flare reconnection and at the shock driven by coronal mass ejections are responsible for the observed gamma-ray features. Based on some recent developments I suggest that energetic particles from both mechanisms may contribute to the observed gamma-ray spectrum.
Introduction
Positrons, the antiparticle of electrons, were proposed theoretically by Dirac and were first detected by Anderson in 1933 [1] 1 . Positrons are extensively used in the laboratory for a myriad of purposes (see review by Mills [2] ). Astrophysical processes involving positrons have been found in the interstellar medium [3] , and galactic bulge and disk [4] . Positrons are commonly found in the Sun [5] . The proton-proton chain, which accounts for most of the energy release inside the Sun involves the emission of a positron when two protons collide to form a deuterium nucleus. There are plenty of electrons present in the solar core, so the positrons are immediately annihilated with electrons and produce two gamma-ray photons. In one proton-proton chain, two positrons are emitted and hence contribute a total of four photons in addition to the two photons emitted during the formation of helium-3 ( 3 He) nucleus from the fusion of deuterium nucleus with a proton. Figure 1 . Schematic of a solar eruption and the sites of particle acceleration (e,p, …): one in the current sheet formed low in the corona and the other on the surface of the shock driven by the coronal mass ejection (CME) flux rope. The arrows toward the current sheet indicate the reconnection inflow while the ones diverging away indicate the outflow. The red ellipses in the photosphere represent the feet of flare loops where accelerated particles precipitate and produce flare radiation. Particles from the shock propagate away from the Sun and are detected as energetic particle events in space. The dark ellipse inside the flux rope represents a prominence that erupted along with the CME (adapted from Gopalswamy [6] ).
High-energy particles exist in the solar atmosphere, energized during solar eruptions. Solar eruptions involve flares and coronal mass ejections (CMEs). A process known as magnetic reconnection taking place in the solar corona is thought to be the process which converts energy stored in the stressed solar magnetic fields into solar eruptions (see Fig. 1 for a schematic of a typical eruption). One part of the released energy heats the plasma in the eruption region, while another goes to energize electrons and ions. Electromagnetic radiation from radio waves to gamma-rays produced by the energized electrons and protons by various processes is known as a flare. Acceleration in the reconnection region is referred to as flare acceleration or stochastic acceleration. CMEs also carry the released energy as the kinetic energy of the expelled magnetized plasma with a mass as high as 10 16 g and speeds exceeding 3000 km/s. Such fast CMEs drive fast-mode magnetohydrodynamic shocks that can also energize coronal electrons and ions to very high energies. Diffusive shock acceleration and shock drift acceleration are the mechanisms by which particles are energized at the shock (see [7] for a review on acceleration mechanisms during solar eruptions). The flare and shock accelerations were referred to as first-and second-phase accelerations during an eruption by Wild et al. [8] . Accelerated particles have access to open and closed magnetic structures associated with the eruption resulting in a number of electromagnetic emissions via different emission mechanisms. Energetic particles escaping along interplanetary magnetic field lines are detected as solar energetic particle (SEP) events by particle detectors in space and on ground. These particles, originally known as solar cosmic rays, were first detected by Forbush [9] in the 1940s.
Invoking the copious production of energetic particles from the Sun, Morrison [10] suggested that the active Sun must be a source of gamma-rays. He listed electron-positron annihilation as one of the processes expected to produce γ-ray emission from cosmic sources [10] . Elliot [11] suggested that "positive electrons" from muon decay should lead to detectable 0.5 MeV gamma-ray line emission. Lingenfelter and Ramaty [12] performed detailed calculations of γ-ray emission processes from the Sun. Chupp et al. [13] identified for the first time the positron annihilation radiation at 0.5 MeV along with other nuclear lines during the intense solar flares of 1972 August 4 and 7 using data from the Gamma-ray Monitor onboard NASA's Seventh Orbiting Solar Observatory (OSO-7) mission.
Mechanisms of Positron Production
Positrons are predominantly produced by three processes: (i) emission from radioactive nuclei, (ii) pair production by nuclear deexcitation, and (iii) decay of positively charged pions (π + ) that take place when ions accelerated in the corona interact with the ions in the photosphere/chromosphere. Kozlovsky et al. [14] list 156 positron-emitting radioactive nuclei resulting from the interaction of protons and α-particles (helium nuclei) with 12 different elements and their isotopes. The most important positron-emitting radioactive nuclei that result from the interaction of protons (p) and αparticles with carbon ( 12 C , 13 C), nitrogen ( 14 N, 15 N), and oxygen ( 16 O, 18 O) are listed in Table 1 . In the interaction of p and α with 16 O, the oxygen nucleus, ends up in the excited state ( 16 O*) of 6.052 MeV; this nucleus deexcites by emitting an electron-positron pair with a lifetime of 0.096 ns. Another such excited nucleus is 40 Ca* with a lifetime of 3.1 ns. Kozlovsky et al. [15] list another set of 23 positron emitters produced when accelerated 3 He interact with targets such as 12 C, 14 N, 16 O, 20 Ne, 24 Mg, 28 Si, and 56 Fe. The radioactive nuclei have a lifetime ranging from a tenth of a nanosecond to ~1 million years (see [14] for a list). There are 26 radioactive nuclei with a lifetime ≲10s. 15 O, 13 N, 11 C, 16 O* Positrons from radioactive nuclei have an energy of several hundred keV, while those from π + decay have much higher energy (up to hundreds of MeV). Almost all the positrons emitted by radioactive nuclei and a major fraction of those produced by π + decay (~80%) slow down to thermal levels (tens of eV) before directly annihilating or forming a positronium (Ps) atom by capturing an electron. The Ps formation this way is a radiative recombination. Ps can also be formed due to charge exchange with H and He atoms. Positronium is a hydrogen-like atom (with the proton replaced by a positron). There are two types of Ps, known as orthopositronium (O-Ps) and parapositromium (P-Ps), depending on how the spins of the positron and electron are oriented. In O-Ps, the electron and positron spins are in the same direction (triplet state); in P-Ps, the spins are oppositely directed (singlet state). O-Ps and P-Ps decay into 3 and 2 photons, respectively. O-Ps is formed preferentially: 75% of the time compared to 25% of the time for P-Ps [16] . Four key processes that determine the fate of the positrons produced in the solar atmosphere are discussed [5] . These processes involve the interaction of positrons with the ambient hydrogen and helium in redistributing their energy, formation and quenching of Ps, and the ultimate production of gammarays by direct annihilation or via Ps. Direct annihilation of positrons can occur with free and bound (in H and He) electrons in the ambient medium. Positronium quenching occurs resulting in the emission of second-generation positrons when Ps collides with electrons, H, H + , and He + . Another quenching process is the conversion of O-Ps to P-Ps when O-Ps collides with electrons and H.
Pions (π 0 and π ± ) are created when accelerated protons and α-particles from the corona collide with those in the chromosphere/photosphere. A detailed list of possible interactions (p-p and p-α) are listed in Murphy et al. [17] . High-energy positrons are primarily emitted from the decay of π + into positive muons (μ + ), which decay into positrons. In a similar reaction, negative pions (π -) decay into negative muons (μ -), which decay into electrons. π 0 decays into 2 gamma-rays most of the time (98.8%). In the remaining 1.2% of cases, π 0 decays into an electron positron pair and a gamma-ray. The rest energy of the neutral pions is 135 MeV, while that of the charged pions is 139.6 MeV. To produce these particles, the accelerated protons need to have high energies, exceeding ~300 MeV. The pions are very short-lived (π 0 : 10 -16 s; π ± : 2.6×10 -8 s), while the muons live for a couple of microseconds (2.2×10 -6 s). The >300 MeV protons needed for pion production seem to be accelerated both in the flare reconnection and CME-driven shocks (see Fig. 1 ).
Gamma-rays due to Positrons
Nonthermal electromagnetic emission produced by charged particles is one of the key evidences for particle acceleration in the Sun (see, e.g., [18] for a review). Energetic electrons are readily inferred from nonthermal emission they produce at wavelengths ranging from millimeters to kilometers. Theories of radio emission have helped us understand the acceleration mechanism for the electrons and the radio emission mechanism. Energetic electrons also produce hard X-rays and gamma-rays. On the other hand, the electromagnetic indicators of energetic ions are limited to gamma-rays, ranging from a few hundred keV to > 1 GeV. Positrons, which are produced by various processes noted in section 2, contribute to the gamma-ray emission from the Sun at various energies via different processes. 16 O mark the next intense lines produced by nuclear deexcitation. The pion continuum at high energies is denoted by π, which involves contribution from both neutral and charged pions. The energy for these emission components is from energetic particles (electrons and ions) accelerated in the solar corona during solar eruptions (adapted from Ramaty and Mandzhavidze [19] ). Figure 2 shows the total gamma-ray spectrum from the Sun, exhibiting both line emission and continuum as predicted [10] . This spectrum is constructed from all possible processes that emit gamma-rays during solar eruptions [19] . At low energies (<10 MeV), there are many lines superposed on the electron bremsstrahlung continuum, the lowest being the 0.511 MeV line (positron annihilation, marked e + ). The next narrow line is the neutron capture line at 2.223 MeV. When energetic protons spallate ambient nuclei, neutrons are produced and emitted over a broad angular distribution; the downward neutrons slow down and are captured by a proton in the ambient medium forming a deuterium nucleus and releasing the binding energy as the 2.223 MeV line. The other lines are due to nuclear deexcitation of varying widths due to various combinations of incumbent and insurgent ions. The continuum emission has several components. Below the 0.511 MeV line, there is a weak Ps continuum that merges with the strong primary electron bremsstrahlung continuum. Primary electrons are those arriving from the acceleration site in the corona, as opposed to secondary electrons, which are produced in the chromosphere/photosphere due to the impact of accelerated ions from the corona (e.g., via πdecay). The quasi-continuum between 0.7 MeV and 10 MeV (on which the discrete lines are superposed) is due to a multitude of broad nuclear lines caused by insurgent heavy ions interacting with ambient H and He nuclei. If the primary electron bremsstrahlung continuum is hard, it can be detected above background even at energies exceeding 10 MeV. When there is significant pion production both a broad line like feature centered near 70 MeV from neutral pions and a hard, secondary positron bremsstrahlung continuum can also be detected above 10 MeV (see below).
The 0.511 MeV Gamma-ray Line
The width of the solar annihilation line can range from ~1 keV to 10 keV full width at half maximum (FWHM) depending on the ambient conditions of the medium in which the annihilation takes place: e.g., temperature, density, and the ionization state [20] . Detailed calculation and comparison with observations have confirmed that the 0.511 MeV line is produced over a range of these parameters in the chromosphere/photosphere region [5] . One of the major contributors to the line width is the temperature in the region of annihilation because the ambient electrons have a distribution of speeds at a given temperature. The environmental conditions also determine the formation and destruction of Ps. Parapositronium annihilates emitting two 0.511 MeV photons (2γ decay), with lifetime ∼ 0.125 ns. On the other hand, orthopositronium annihilates in three 341 keV photons ((3γ decay) with a lifetime ∼ 142 ns [21] . Depending on the initial energy of the positron capturing an electron, the 3γ decay results in a gamma-ray continuum below the annihilation line (see Fig. 2 ). The flux ratio of the 3γ continuum (from O-Ps) to the 2γ line (from direct annihilation with free and bound electrons, and the decay of P-Ps) is an important parameter that can be used to infer the properties of the ambient medium (density, temperature, and ionization state). Murphy et al. [5] found that the flux ratio at a given temperature in an ionized medium remains constant up to an ambient hydrogen density of ~10 13 cm -3 and then rolls over to values lower by 2-3 orders of magnitude at densities ~10 17 cm -3 . The constant value depends on the ambient temperature starting from ~3 for 2000 K and decreasing to ~0.001 at 10 MK. For a neutral atmosphere, the temperature dependence is weak: the constant value of the flux ratio is ~5 at densities below ~10 14 cm -3 and rolling over to ~0.008 at an ambient density of ~10 17 cm -3 . In some events the 0.511 MeV emission originates from different environments at different times. Figure 3 shows the profile of the 0.511 MeV line during the 2003 October 28 eruption, considered to be an extreme event. In this event, the profile was quite wide during the first 2 min of the event compared to the last 16 min. Detailed calculations by Murphy et al. [5] revealed that the early part of the gamma-ray emission occurred in an environment with a temperature in the range (3-4) ×10 5 K and densities >10 15 cm -3 . Such an atmosphere is represented by the Vernazza et al. [22] model. This implies that temperature in the chromosphere has transition-region values. On the other hand, the narrow width late in the event is consistent with an environment in which the temperature is very low (~5000 K), the density is same as before (~10 15 cm -3 ), but the ionization fraction in the gas is ~20%. These results suggest the inhomogeneous and dynamic nature of the chromosphere inferred from other considerations [23] . The derived conditions also depend on the atmospheric model, which itself has been revised [24] . to the solar gamma-ray spectrum from π 0 decay, bremsstrahlung due to electrons from πdecay (πbrm), bremsstrahlung due to positrons from π + decay (π + brm), annihilation radiation of positrons from π + decay (π + ann). The energetic particles responsible for the production of pions were taken to be accelerated from a shock. The top two curves (solid and dashed) represent the total "giraffe" spectrum that combines these four components. The solid curve is for the ambient atmosphere while the dashed curve is for the abundance of the 1982 June 3 event derived from the associated SEP event. The nuclear deexcitation line spectrum for the two abundances are also superposed. (Adapted from Murphy et al. [17] ).
Pion Continuum
The pion continuum described briefly above is shown in Fig. 4 with different components: (i) the π 0 decay continuum, which has a characteristic peak around 68 MeV, (ii) bremsstrahlung continuum due to positrons emitted by μ + resulting from π + decay (π + brm), (iii) positron annihilation continuum due to in-flight annihilation of positrons from π + decay (π + ann), and (iv) the bremsstrahlung continuum due to electrons emitted by μresulting from πdecay (πbrm). The sum of the four components (Total) represents the spectrum of gamma-rays resulting from pion decay assuming that the accelerated particle angular distribution is isotropic. The π 0 continuum dominates at energies >100 MeV and determines the spectrum at these energies but its contribution is very tiny at 10 MeV. For example, the πbremsstrahlung has four times more contribution compared to the π 0 continuum, while π + bremsstrahlung and annihilation contributions are larger by factors of 20 and 75, respectively. Below 10 MeV, the gamma-ray spectrum is mostly determined by π + bremsstrahlung. Thus, below ~30 MeV, the combined contribution from positrons dominate the spectrum. The π 0 continuum exceeds the π + bremsstrahlung around 30 MeV, producing the characteristic "giraffe" shoulder around this energy. Such a spectrum was first derived from the observations of pion continuum in the 1982 June 3 event by Forrest et al. [25] , who identified a gamma-ray emission component that lasted for ~20 minutes beyond the impulsive phase of the flare. The spectrum in Fig. 4 was calculated in great detail by Murphy et al. [17] to explain the 1982 June 3 event assuming that the primary protons have a shock spectrum [26] . They also performed a similar calculation assuming a stochastic particle spectrum thought to be produced in the reconnection site. While the early part of the 1982 June 3 gamma-rays can be explained by the steep stochastic spectrum, the part extending beyond the impulsive phase (late part) needs to be explained by the shock spectrum, which is much harder than the stochastic spectrum. Furthermore, these authors found that the shock spectrum is similar to the SEP spectrum observed in space.
The time-extended gamma-ray emission first detected by Forrest et al. [25] using the Gammaray Spectrometer on board the Solar Maximum Mission has been observed by many different missions, but such events were rare [27] [28] . Two events had durations exceeding ~2 hrs [29] [30] . The Large Area Telescope (LAT) on the Fermi satellite has detected dozens of such time-extended gamma-ray events from the Sun at energies >100 MeV, thanks to the detector's high sensitivity [31] . The average duration of these gamma-ray events is about 9.7 hrs and with six events lasting for more than 12 hrs [32] [33] , including an event that lasted for almost a day. The time-extended events are known by different names "long duration gamma-ray flare (LDGRF)" [34] [35] , "sustained gammaray emission (SGRE)" [33, 36] , and "late-phase gamma-ray emission (LPGRE)" [32] . The Fermi/LAT observations have revived the interest in the origin of the high-energy particles in these events because the accelerator needs to inject >300 MeV ions toward the chromosphere/photosphere to produce the pions required for the gamma-ray events.
Works focusing on the time-extended nature of these gamma-rays explore ways to extend the life of the >300 MeV protons from stochastic (impulsive-phase) acceleration, e.g., trapping them in flare loops (e.g., [37] ). In this scenario, the largest spatial extent of the gamma-ray source is the size of the post-eruption arcade (or flare area) discerned from coronal images taken in extreme ultraviolet wavelengths. In the shock scenario, the gamma-ray source is spatially extended because the angular extent of the shock is much larger than that of the flare structure [38] [39] .
Gopalswamy et al. [40] demonstrated the spatially extended nature of the gamma-ray source during the 2014 September 1 event (see also [36, 39, 41] ). They used multiview data from the Solar and Heliospheric Observatory (SOHO) and the Solar Terrestrial Relations Observatory (STEREO) missions to obtain a detailed picture of the eruption, including magnetic structures that extend beyond the flare structure (post-eruption arcade, PEA) as described in Fig. 5 . It must be noted that both the flux rope and PEA are products of the eruption process (magnetic reconnection). The PEA remains anchored to the solar surface, while the flux rope is ejected into the heliosphere with speeds exceeding 2000 km/s. The flux rope is a large structure rapidly expanding into the heliosphere compared to the compact flare structure. The flux rope drives a shock because of its high speed and the shock accelerates the required >300 MeV protons. The protons travel down to the chromosphere/photosphere along the field lines located between the flux rope and shock and produce the gamma-rays. Particles traveling away from the shock into the heliosphere are detected as SEP events. Shocks are known to accelerate particles as they propagate into the heliosphere beyond Earth's orbit, but the high-energy particles required for pion production may be accelerated only to certain distance from the Sun; this distance determines the duration of an SGRE event. In the case of the 2014 September 1 event, the SGRE lasted for about 4 hours. With a shock speed >2300 km/s obtained from coronagraph observations, one can infer that the shock stopped accelerating >300 MeV protons to sufficient numbers by the time it reached a distance of about 50 solar radii from the Sun. Evidence for the shock shown in Fig. 5 is the interplanetary type II radio burst that lasted until the end of the SGRE event and a bit beyond. The estimated duration of the type II burst (about 7.5 hours) is in agreement with the linear relation found between the two durations [33] . and the surrounding shock. Particles accelerated near the shock nose travel along magnetic field lines in the space between the FR and shock, precipitate in the chromosphere/photosphere to produce gammarays via the pion-decay mechanisms discussed in the text (adapted from Gopalswamy et al. [40] ). Figure 6 . Scatter plot between >100 MeV gamma-ray flux (F) from Fermi/LAT against the CME speed (V) for events in which the CME onset was during the impulsive phase. The speeds of three CMEs are different from those in Minasyants et al. [42] . The polynomial fit to the data points and the square of the correlation coefficient (R) are shown on the plot. In a given eruption, both flare and shock populations are expected to be present, the flare particles being the earliest. Murphy et al. [17] concluded that the nuclear deexcitation line flux is primarily due to the flare population, while the 0.511-line flux has roughly equal contributions from flare and shock populations. On the other hand, the extended phase emission is solely due to the shock population. The conclusion on the extended phase emission initially derived from studying the 1982 June 3 event, seem to be applicable to all events with time-extended emission [33] . Recently, Minasyants et al. [42] found that in certain gamma-ray events with high fluxes of >100 MeV photons, the development of the flare and CME are simultaneous. The CME started during the impulsive phase of the flare. They found that the >100 MeV flux is highly correlated with the CME speed, although the sample is small. Figure 6 shows the relation, replotted with a second-order polynomial fit instead of their linear fit. Normally, one would have thought the impulsive phase gamma-ray flux should be related to the impulsive-phase proton population, and not the shock population. On further examination, it is found that a type II radio burst started in the impulsive phase of the events, indicating early shock formation. This is typical of eruptions that produce ground level enhancement (GLE) in SEP events [43] [44] [45] , implying particle acceleration by shocks to GeV energies within the impulsive phase. This result suggests that the shock population may also have contribution to >100 MeV photons in the impulsive phase.
STEREO observations have revealed that shocks can form very close to the Sun, as close as 1.2 solar radii [46] . Shocks typically take several minutes to accelerate particles to GeV energies after their formation. This means, shocks are present within the closed field regions of the corona early on, sending particles toward the Sun and augmenting the impulsive phase particles. The precipitation sites are expected to be different from the PEA as discussed in Fig. 5 . Once the shock propagates beyond ~2.5 solar radii, accelerated particles can move away and toward the Sun.
Conclusions
Positrons are important particles both in the laboratory and in astrophysics. They are extremely useful in understanding high-energy phenomena on the Sun. They provide information on various processes starting from particle acceleration, transport, and interaction with the dense part of the solar atmosphere. Positrons provide information on the physical conditions in the chromosphere/photosphere where they are produced and destroyed by different processes, leaving tell-tale signatures in the gamma-ray spectrum. In addition, gamma-rays and positrons provide information on the magnetic structures involved in solar eruptions that support the acceleration and transport of the highest-energy particles in inner heliosphere. Spatially resolved gamma-ray observations beyond what is currently available (e.g., [47] ) are needed to resolve the issue of the relative contributions from stochastic and shock accelerations in solar eruptive events.
